landslides , which are likely to dominate soil erosion in steep terrain, soil moves slowly downhil by creep and slope wash. Observations from convex hils show that soil thickness decreases with increasing topographic curvature, supporting the view that creep occurs by diffusion-like processes with sediment flux linearly proportional to surface slope (Carson and Kirkby, 1972; Heimsath et ai. 1999; Young, 1960) . Such movement of individual soil grains could be caused by burrowing creatures (e. , worms, ants, gophers) and by tree throw (trees uprooted, typically by high winds, often cary soil and bedrock attached to the root wad) coupled with localized slope wash, but field observations and laboratory studies show that nondiffusive processes may also occur, including shear and depthdependent viscous-like flow (Carson and Kirkby, 1972; Fleming and Johnson , 1975; Selby, 1993; Young, 1960) . Furthermore, observed relationships between soil depth and slope curvature on linear and compound slopes are incompatible with a simple linear relationship between sediment flux and surface slope alone (Braun et ai. , 2001; Heimsath et ai., 2000; Roering et ai. , 1999) . Rods , blocks, and flexible tubes inserted in *E-mail: Arjun. Heimsath (g Dartmouth.edu. the soil have been used to estimate creep processes (Fleming and Johnson , 1975; Young, 1960) , but are too clumsy to examine grainscale sediment transport, which requires the use of labeled particles (Selby, 1993) . Insertion and detection of labeled grains throughout a soil mantle with microscale positional measurements would be a massive undertakng.
Assuming, however, that grains brought to the surface by bioturbation and tree throw are buried again, vertical mixing at the grain scale may be determined by measuring the time since individual soil grains last visited the surface. We did this by single-grain optical dating, which is based on an optically stimulated luminescence (OSL) signal that accumulates within buried (below a few mm of the surface) quarz grains and is reset to zero by exposure to sunlight (Aitken, 1998; Huntley et ai. 1985; Olley et ai. , 1999) . Optical ages of grains from different depths depend on transport processes: e. , grains moving in a surface layer would intermittently be exposed to sunlight, whereas grains never exposed at the surface should show "infinite" ages. Alternatively, mixing thoughout the entire soil column would lead to finite-aged grains from soil surface to base.
Downhil movement of any soil grain resolves into slope-normal and slope-parallel components. Only the slope-normal velocity of a grain can be derived from its optical age. We cannot assess the slope-parallel velocity of individual grains, but the depth-averaged velocity can be calculated if the rate of soil pro-duction from rock weathering is known at all points. Soil-production rates at our study site were previously determined from measurements of the in situ cosmogenic nuclides lOBe and Al (Heimsath et ai. , 2000) and are used in a new way here to derive slope-parallel velocities. In addition, modeling of the landscape evolution of the site (Braun et ai. , 2001) highlighted the need for more detailed field understanding of sediment transport processes active on soil-mantled landscapes.
STUDY AREA
Our study landscape is a I ha granite-based hils lope draining to the Nunnock River in the upper Bega Valley in southeast New South Wales, Australia, used initially for the 'Ieimsath et ai. (2000) study. The site includes two spurs (convex noses) and an unchanneled hollow, and is morphologically similar to soilmantled landscapes examined in northern California (e. g., Heimsath et ai. , 1997) . Gradients range from 15% to 45%, and the entire surface is soil mantled, carying an open Eucalyptus forest. Soil thickness ranges from 10 to 90 cm and increases with decreasing convex curvature. The top 10-15 cm is coarse sandy clay loam, and the main soil body is yellow-brown coarse sandy clay. The basal transition to the underlying granitic saprolite is shar. Agents of soil mixing include the badger-sized Australian wombat, tree throw, worms , and burrowing ants , all of which show abilty to penetrate the saprolite and incorporate it into the soil column. Microscope sections from undisturbed soil monoliths show evidence of repeated disruption throughout the column: fragmented ferriargilans; uncoated mineral grains in a structureless soil matrix; and absence of pedality. Figure 1 ( grains must visit the surface several times cause mean ages of the finite-age grains significantly less than the soil-residence t (fres , Table 1 ) calculated by dividing soil de by the soil-production rate , explained sui quently. (4) The fact that the ratio of age iance to age mean is large for most samj suggests that grain movements are indeI dent and random.
Overall , results show that repeated g displacements lead to mixing through the tire soil column as the soil moves down Furthermore, the likelihood of displacer seems depth independent , because the rates of grain movement downward from soil surface are similar ven in Table 1 culated by dividing sample depth by its n OSL age). Given that grain displacement! likely to have a downslope component , th suits imply soil creep by diffusion-like m ment of individual grains throughout the mass. 11.42 :t 2.
MECHANISMS OF EROSION

87.
Note:
We used the improved single aliquot regenerative protocol (Murray and Wintle , 2000) and a type TL-DA-15 Ris", TUOSL reader providing 420-560 nm optical stimulation. UV emissions were detected from individual HF acid-etched 350-425
JLm quartz grains. Illumination was for 125 s at 125 oC and the OSL signal was determined by subtracting the integral of the final 20 s from that of the first 20 s. Irradiations used a 40 mCi Srl"oy beta plaque delivering a dose rate of 0. 097 :t 0.003 Gy/s. Doseresponse curves were constructed using a 10 s preheat at 240 OC and five regenerative-dose steps ranging from 1. 5 to 60 Gy, with a 3. 0 Gy test dose. The Ci value was assumed to be 0. 05 :t 0.02 (Thorne et aI. , 1999) . Our dose-rate determination used updated conversion factors (Adamiec and Aitken , 1998) and the following beta particle attenuation factors: 0.76 :t 0.01 for U; 0.70 :t 0. 01 for Th; 0.86 :t 0.01 for K.
to be symmetrcal so that displacements upward from or down toward the soil base are equally probable. Model options for peA) are rectangular, trangular, and gaussian (in the latter two, the probabilty of a displacement occurrng decreases with increasing A), with a user-defined mean displacement length
Displacements are assumed to be perpendicular to the soil surface and thus have a down- depth. Grains that return to soil base remain stationary until the random generator gives them an upward displacement; grains that arrive at the surface have a user-defined probabilty, P w, of leaving the surface , which simulates loss to slope-wash, or "bounce" back into the soil body with probabilty (I -P Soil depth is assumed to be in steady state, so that when a grain leaves, another enters at soil base; grains entering at soil base have an "in-finite " age , and age is always reset to zero when a grain reaches the surface. By tracing individual grain histories , statistics for the ensemble of grain ages are determned at all depths (binned in 5 cm vertical intervals) for a series of downhll profiles 20 m apar (Fig.   2 ).
We explored a range of average step lengths
(1-20 cm) and compared semigimssian and rectangular displacement probability distributions. Individual grains were followed for as many as 100000 steps and each run traced 4000 grains. Statistics include the mean and standard deviation (S ) of the number of steps taken by grains at any point since their last surface exposure, as well as the percentage of grains that never visited the surface (Vn ) .
We multiply by a scaling factor 1, to (I) Paired values in Table 2 compare results (upper value) for a typical model run with field observations from pits 2, 3 , and 4 (pit I provides the upper boundary data); the comparisons are (1) mean model age versus mean OSL age, (2) N.lS versus OSL mean age divided by standard deviation, and (3) (in percent) versus observed proportion of infinite-age grains. In this example, 20% of the grains leave the soil surface as slope wash, and mean displacement length is 5 cm at the soil surface and decreases to I cm at 80 cm depth. Each grain was traced for 20 000 displacements (equivalent to an average downhil travel distance of -180 m at our site, where is ). ments is equivalent to 0. 85 yr). The agreement between model and observed data is quite good (the overall correlation coefficient for the Table is 0.64), but in this example the model overestimates mean ages at shallow depths and underestimates ages toward the soil base. Experiments found that different parameter settings can produce better agreement between model and observations for one variable (e. , age), usually at the expense agreement for another variable. Overall, the model simulates the observations reasonably well, and we infer that sediment transport at the study site is dominated by mixing of grains throughout the soil profile in conjunction with an en masse creeping of the soil, and that a significant proportion of the grains that reach the surface is transported from the slope by surface wash.
The mean downslope velocity of soil creep indicated by the model is the depth-averaged value of Ai! cmlyr. For the run represented in Table 2 , this gives 5 cmlyr. This result can be compared with slope-parallel velocity derived from soil-production rates, which have been determined from cosmogenic nuclide measurements at our study area (Heimsath et ai. , 2000) . Cosmogenic nuclide concentrations in bedrock have been widely used to infer erosion rates, and the methodology was adapted to determine soil-production rates (Heimsath et ai. , 1997) . Specifically, cosmogenic lOBe and 26 AI concentrations directly beneath the soil base at a range of soil pits showed that the soil-production rate, E, decreases with increasing soil thickness,
E(H) =
Eoe all
where EO = 53 2: 3 mlm. and -2. 0 2:
1 l/m at the study site. Soil depth is known in detail (Heimsath et aI. , 2000) , allowing us to integrate equation 2 along a downslope flow line passing near the sample pits to obtain soil flux. Dividing flux by local soil depth gave depth-averaged downslope velocity near each pit (mean horiz in Table I ).
DISCUSSION AND CONCLUSIONS
Depth-averaged velocities derived from soil production are similar for pits 2-4; the average is 6. 0 mI. , substantially less than the Monte Carlo model run shown in Table 2 which was 35 mlk.y.
Several factors can cause the Monte Carlo results to be too high. First the model assumes no cohesion in the soil which is unlikely (Selby, 1993) . Second, the 114 (2) larger the mean displacement A, the slower the downslope velocity given by the model because scaled frequency of displacements decreases approximately as It seems likely that displacements at our field site are larger and less frequent than the value of a few centimeters every year used for Table 2, given that the principal agents of disturbance are burrowing wombats and tree throw. This is consistent with our OSL age data from near soil base, which show less variance than predicted by the Monte Carlo model (high values of N/S and imply that aggregates of grains visited the surface and were reburied at about the same time, presumably because of an isolated large disturbance.
A significant fraction of total mass wasting may be mineral solution from below the soil base, in which case our estimates of V horiz (Table I) would be too large because net soil production would be less than that given by equation 2. Mass loss by solution is not detected from in situ cosmogenic nuclide concentrations from below the soil base, which determine the overall lowering rate by mechanical weathering, subject to the steady-state assumption (Heimsath et ai. , 1997 (Heimsath et ai. , , 2000 . Measurements from soil-covered granitic slopes elsewhere (Selby, 1993; Stonestrom et ai. 1998) show solution losses equivalent to lowering rates of -2-14 mlm. If similar conditions apply, solution could contribute significantly to lowering at our study site, because the average lowering rate given by equation 2 for our downhil transect is 20 mlm. but the effect of solution has yet to be evaluated in the study area. Solution , however, wil not affect downhil grain diffusion throughout the depth of the soil, which our results show to be the major if not dominant process in soil creep.
